We analyze radial stellar metallicity and kinematic profiles out to 1R e in 244 CALIFA galaxies ranging from morphological type E to Sd, to study the evolutionary mechanisms of stellar population gradients. We find that linear metallicity gradients exhibit a clear correlation with galaxy morphological type -with early type galaxies showing the steepest gradients. We show that the metallicity gradients simply reflect the local mass-metallicity relation within a galaxy. This suggests that the radial stellar population distribution within a galaxy's effective radius is primarily a result of the insitu local star formation history. In this simple picture, the dynamically derived stellar surface mass density gradient directly predicts the metallicity gradient of a galaxy. We show that this correlation and its scatter can be reproduced entirely by using independent empirical galaxy structural and chemical scaling relations. Using Schwarzschild dynamical models, we also explore the link between a galaxy's local stellar populations and their orbital structures. We find that galaxies' angular momentum and metallicity gradients show no obvious causal link. This suggests that metallicity gradients in the inner disk are not strongly shaped by radial migration, which is confirmed by the lack of correlation between the metallicity gradients and observable probes of radial migration in the galaxies, such as bars and spiral arms. Finally, we find that galaxies with positive metallicity gradients become increasingly common towards low mass and late morphological types -consistent with stellar feedback more efficiently modifying the baryon cycle in the central regions of these galaxies.
INTRODUCTION
A galaxy's radial stellar metallicity distribution is an important tracer of its evolutionary history, as the long-lived stars preserve a record of how efficiently heavy elements were produced, disseminated out to the ISM via stellar feedback, and locally enriched the gas which formed subsequent generations. The present day spatial distribution of stars of different metallicities and ages can therefore provide clues to the key processes governing the dynamical evolution of galaxies.
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As stars from existing populations can also be relocated due to orbital modifications (e.g., disk heating or radial migration by bars or spiral arms; c.f., Binney & Tremaine 1987) a connection between the spatial distribution of different chemical sub-populations and their stellar dynamics is expected. Joint analysis of the galaxy's chemo-dynamical properties can thus provide stronger insight into how the galaxy was assembled, than from just kinematics or chemistry alone.
The efficiency of radial migration in galaxies of different morphological types has been difficult to quantify in external galaxies. For example, Sánchez-Blázquez et al. (2014) arXiv:1810.12223v1 [astro-ph.GA] 29 Oct 2018 presented the stellar metallicity and age distributions in a sample of 62 nearly face-on, spiral galaxies with and without bars, using data from the CALIFA survey. They found no difference in the metallicity or age gradients between galaxies with and without bars. Stronger evidence for stellar migratory processes comes primarily from simulations and detailed studies of the Milky Way (MW) (e.g., Sellwood & Binney 2002; Roediger et al. 2012) . In both cases, nonaxisymmetric substructures (e.g., bar and spiral arms) seem to efficiently redistribute angular momentum of the galactic stellar populations (e.g., Berentzen et al. 2007 ). The combined effect of these overdensities can cause a radial displacement of stars (e.g., Roškar et al. 2008; Minchev & Famaey 2010; Minchev et al. 2011 Minchev et al. , 2012 . These same nonaxisymmetric features can also directly relocate metals in the ISM via streaming motions (e.g. Combes 2014) .
Recently El-Badry et al. (2016) also examined the effects of stellar feedback and bursty star formation on lowmass galaxies using the FIRE (Feedback in Realistic Environments) simulations. They found that for low mass galaxies, repeated stellar feedback can rapidly remove gas from the galaxy's center, causing an expansion of the stellar and dark matter components -thus in addition to driving metalenriched outflows (e.g., Kereš et al. 2005; Brooks et al. 2007a; Pilkington et al. 2012; Gibson et al. 2013) , feedback can also indirectly modify radial stellar population gradients.
Externally, galaxy interactions, accretion events and mergers can not only strongly change the gravitational potential of the galaxies, but also rapidly redistribute the location and angular momentum of stars. A galaxy's merger history is therefore considered to play a significant role in determining the shape of the metallicity gradient in the galactic halo (e.g., Hirschmann et al. 2014) , while simultaneously altering the angular momentum of its stars. For example, simulations have shown that a major merger could efficiently flatten the metallicity gradient (Rupke, Kewley & Barnes 2010; Navarro-González et al. 2013) , while continuous minor mergers will steepen the gradient and shape the outskirts of the halo as the low mass satellites are accreted primarily at large radii (see also, Cooper et al. 2013; Oogi & Habe 2013; Pillepich et al. 2014) . Similarly, Kobayashi (2004) studied the formation and chemodynamical evolution of 124 elliptical galaxies with a GRAPE-SPH simulation code and found that galaxies that form monolithically tend to have steeper gradients than the ones that undergo major mergers.
While simulations have continued to show the utility of metallicity gradients in understanding the mass growth history of galaxies, less work has been devoted to how the metallicity gradients and angular momentum of the in-situ stellar component co-evolve in the inner regions ( Re) of galaxy's across the Hubble sequence.
Identifying the relative strength of in-situ star formation (SF), radial stellar migration and accretion events therefore necessitates studying stellar population gradients in morphologically diverse samples of galaxies. Not surprisingly, recent surveys which observed a large variety of galaxies have found an equally large diversity of observational trends. For example, Zheng et al. (2017) studied the stellar population distributions and the environment of 1105 MaNGA galaxies. They found that both the age and metallicity gradients show weak or no correlation with either the large-scale structure type or local environmental density. Goddard et al. (2017) studied the radial stellar population gradients of 721 MaNGA galaxies with their results suggesting, higher mass late type galaxies show steeper metallicity gradients. Similarly, Martin-Navarro et. al. (2017) studied the normalization and the slope of the stellar populations gradients in early type CALIFA galaxies, finding a gradual steepening of the metallicity gradients with increasing galaxy velocity dispersion.
In order to reconcile these diverse observational results, and further clarify the relative strength of different mechanisms in setting stellar metallicity gradients, in this paper we explore a new formalism for understanding stellar metallicity gradients, using a homogeneous analysis of the chemodynamic signatures present in the inner regions of CALIFA galaxies.
As all theoretical mechanisms presented should simultaneously alter the dynamical and chemical properties of the galaxy, we propose to leverage information on the orbital properties of stars, in the inner regions of galaxies spanning a range of masses and morphological types. This allows us to study the impact of secular processes which may impart signatures on the angular momentum distribution of stars of different metallicities. Specifically, as a new analysis technique, we incorporate our group's orbit based Schwarzschild dynamical models to understand and quantify any link between metallicity profiles, migratory signatures and the dynamical structure of the galaxy. Section 2 and 3 describe the extraction of the metallicity and kinematic profiles from 244 nearby CALIFA galaxies, which span a large range in mass (10 9 M to 10 12 M ), and morphological type (from E to Sd). The subsequent sections present a simple picture to illustrate the dominant insitu formation channel for stellar population gradients in our sample, which can naturally recover the observed diversity.
OBSERVATIONS AND DATA ANALYSIS
The Calar Alto Legacy Integral Field Area Survey (CAL-IFA; Sánchez et al. 2012; Husemann et al. 2013; Walcher et al. 2014; Sánchez et al. 2016 ) uses the PMAS/PPAK integral field spectrophotometer to provide the largest and most comprehensive wide-field IFU survey of galaxies. It covers two overlapping spectral regions, one in the red (3745 -7300 A) with resolution of R = 850 (V500 setup) and one in the blue (3400 -4750Å) with R = 1650 (V1200 setup). Due to the quality and completeness of the data, our final sample includes 244 CALIFA galaxies from E to Sd morphological types, covering stellar mass range (10 9 M <M * < 10 12 M ) (for detailed information see Table 1 and Walcher et al. 2014) . We make use of the total stellar masses inferred from SED fitting to the photometry from UV to IR.
In a previous work, Falcón-Barroso et al. (2017) extracted the stellar kinematics for every galaxy in a uniform way using both instrumental setups, i.e., V500 and V1200. For this analysis we utilize the derived stellar velocity V los , velocity dispersion σ and their error maps for each galaxy.
Zibetti et al. (in preparation) derive maps of lightweighted stellar metallicity Z as well as of other stellarpopulation properties from the joint analysis of the CAL- Figure 1 . An example of the V los map based kinematic ellipse system (top left, with color-coding by V los ), and derived rotation velocity (top middle), ratio between rotation velocity and velocity dispersion (top right), velocity dispersion (bottom left), logarithmic stellar metallicity (bottom middle) and linear metallicity (bottom right) profiles for NGC0932.
IFA spectroscopic datacubes and the SDSS 5-band images of the full final data release of CALIFA (DR3 Sánchez et al. 2016) . In Zibetti et al. (2017) the method is described in detail regarding the derivation of the maps of light-and mass-weighted ages, but it applies in the same way to the derivation of stellar metallicities, modulo substituting the property to be derived. We therefore refer the reader to Zibetti et al. (2017) and summarize here the main points of the analysis and related uncertainties.
For each spaxel in each galaxy we compute the posterior probability function (PDF) of the light-weighted stellar
, where the j index identifies the different Simple Stellar Population (SSP) components, of metallicity Zj and r-band luminosity Lj, respectively. We characterize the PDF by its median and 16 th and 84 th percentiles (i.e. ±1 σ for a gaussian distribution). We use a large and comprehensive library of 500,000 spectral models to infer Z based on the comparison between measured stellar absorption features and photometric fluxes in SDSS ugriz bands and the corresponding synthetic quantities measured on the model spectra. The posterior probability function for Z given the data is derived by folding the prior distribution of models in Z with the likelihood of the data given each model i, Li ∝ exp(−χ 2 i /2). In practice, the probability dP (Z) for a metallicity range [Z − Z + dZ] given the data is derived from the sum of the likelihoods of the data over all models i with a metallicity Zi in the given range.
The set of spectral indices used to compute the likelihood is the one introduced by Gallazzi et al. (2005) , namely three (mostly) age-sensitive indices (D4000n, Hβ, and HδA +HγA) and two (mostly) metal-sensitive composite indices that show minimal dependence on α-element abundance relative to iron-peak elements ([Mg2Fe] and [MgFe] ).
The spectral library is built based on the SSP spectra provided in the latest revision of the (Bruzual & Charlot 2003, BC03) stellar population synthesis models adopting the MILES spectral libraries (Sánchez-Blázquez et al. 2006; Falcón-Barroso et al. 2011 ) with a Chabrier (2003) initial mass function. As for the star-formation histories (SFHs) we adopt a Sandage (1986) model with random bursts:
where τ is the time of the maximum SFR in the continuous component, and Aj and t burst,j are the integrated intensity (relative to the integral of the continuous component) and the time of the instantaneous bursts. All these parameters as well as the number of bursts N burst 6 are randomly generated.
Concerning the metallicity, we implement a simple recipe to take its evolution along the SFH into account. Following equation 11 of Erb (2008) we impose a steady growth of metallicity according to:
where M (t) and M final denote the stellar mass formed by time t and by the final time of observation, Z0 and Z final are the initial and final values of stellar metallicity and α is the "swiftness" parameter of the enrichment. Z * 0 and Z * final are chosen from a logarithmically uniform distribution in the interval 1/50-2.5 Z .
We also implement a dust treatment based on the Charlot & Fall (2000) 2-component interstellar medium (diffuse ISM + birth-cloud, see also da Cunha, Charlot & Elbaz 2008).
We adopt a broad range for all random-generated parameters in order to cover a range of SFHs and observable parameters as comprehensive as possible. In fact, at basically each spaxel we find a best-fit model with reduced χ 2 1, indicating that our models can reproduce the observations very closely. The input distribution of model-generating parameters translates into non-uniform distributions in the physical parameter space, which however is roughly uniform in r-band-light-weighted log age between ∼ 5 × 10 8 and ∼ 1.5 × 10 10 years and covers the full range of r-band-lightweighted metallicities between 1/50 and 2.5 Z .
Typical errors (i.e. 16 th − 84 th percentile half-range) in log Z are around 0.15 dex in individual spaxels. From Montecarlo simulations which assume the same typical properties of the CALIFA+SDSS dataset we obtain a similar scatter between input and retrieved log Z (i.e. median value of the PDF) of ∼ 0.15 dex. We also quantify possible biases across the age-metallicity plane, which are typically within ±0.05 dex. Only at the highest metallicities (Z > 2Z ) there is a clear tendency to underestimate the true metallicity by up to 0.10 − 0.15 dex, as a consequence of the PDFs being truncated at the high-end of the grid. It must be noted that a significant component of the scatter, between 0.05 and 0.1 dex, is not related to random measurement errors but is systematic and due to the intrinsic degeneracy between the observables and the physical parameters.
To explore the chemodynamical correlations in the galaxies we make use of recent dynamical models of our CALIFA sample. Zhu et al. (2018b) constructed triaxial Schwarzschild models (c.f., van den Bosch et al. 2008) of 300 CALIFA galaxies in a uniform way, which simultaneously fit the observed surface brightness and stellar kinematics from the CALIFA survey. The procedure obtains the weights of different orbits that contribute to the best-fitting model. They use the time-averaged radius to represent the size of each orbit; and describe the angular momentum of an orbit by its circularity λz, which is defined as the angular momentum around the short axis of the galaxy normalized by the maximum that is allowed by a circular orbit with the same binding energy. The circularity distribution within 1Re for these 244 galaxies are shown in Zhu et al. (2017 Zhu et al. ( , 2018a . With the best-fitting stellar mass-to-light ratio we can not only estimate a dynamically derived stellar surface mass density, but also the stellar surface mass density maps of each orbital component; the cold, warm and hot orbital components we use here are separated by λz > 0.8, 0.25 < λz < 0.8 and |λz| < 0.25, respectively.
STELLAR KINEMATIC PROFILES AND METALLICITY GRADIENTS
We use the tilted-ring method (Rogstad, Lockhart & Wright 1974; Rogstad, Wright & Lockhart 1976) to compute radial profiles of a galaxy based on the galaxy's kinematic structure. An axisymmetric galactic dynamic model assumes that besides the system velocity, the disk velocity has three components: the rotation velocity Vrot, radial velocity V rad and vertical velocity Vz. In this model, a galaxy's line of sight velocity V los can be written as:
For each point in the polar coordinates system (R, ψ), the three velocity components are projected by a galaxy's inclination angle i.
Using the simplest version of the axisymmetric model with V rad (R) and Vz(R) equal to zero in Eq. (1), we fit the global galaxy parameters (center, PA, inclination) from the V los map. With the best-fit parameters, we can divide the galaxy image into a series of concentric ellipses (see Figure  1 ). Then we apply this ellipse system to other maps including velocity dispersion, log(Z) (and their 84% and 16% confidence maps log(Z) 16% and log(Z) 84% ) to get their radial profiles. We construct the average value of a quantity at elliptical radius R by averaging the spaxels in that annulus. For logarithmic metallicities (log(Z) as well as log(Z) 16% and log(Z) 84% ), we first calculate the linear flux-weighted mean values Z, Z 16% , Z 84% from the spaxels within an annulus, then take the log of that value. We do this to ensure that we accurately trace the systematic errors due to e.g. the age-metallicity degeneracy.
We calculate the mean stellar velocity dispersion (σ) value from spaxels within each elliptical ring. The extraction of the rotation velocity (Vrot) profile is slightly more complex, because of the existence of non-axisymmetric features (like bars, spiral arms) in the observed data. In order to cope with these detailed morphological structures and perturbations, a harmonic decomposition (HD) method is used in this work, in which we expand the V los into a Fourier series:
Here the c1 term represents Vrot while s1 represents V rad . Compared with an axisymmetric model, this method is better in fitting galaxies with non-axisymmetric features (Sakhibov & Smirnov 1989; Canzian, Allen & Tilanus 1993; Schoenmakers, Franx & de Zeeuw 1997; Fridman & Khoruzhii 2003; Krajnović et al. 2005) , which is important when studying the impact of migratory processes. In this work, we fit the Vrot at each elliptical annulus by using the HD method from Fathi et al. (2005) .
As the kinematic maps (V los , σ) were Voronoi binned into several superspaxels to increase S/N (see the top left panel of Figure 1 ), for each galaxy, we computed the ellipse system 200 times, each time giving a Gaussian distributed perturbation to the V los map, with standard deviation taken from the V los error map. Then for that ellipse system, we Figure 2 . Average log(Z) (left) and Z (right) profiles of each galaxy morphological type in our sample (solid lines), and standard deviations (dashed lines). Profiles are color-coded by galaxy morphological types: E (Red), S0 (Orange), Sa (Yellow), Sb (Green), Sc (Cyan) and Sd (Blue). The middle panel is the relation between log(Z) gradient and Z gradient for galaxies of different central metallicities. High mass galaxies, with high central metallicity, will show a smaller log(Z) gradients, conversely lower mass galaxies with low central metallicities will show a larger log(Z) gradients at fixed linear metallicity gradient, solely due to the mathematical logarithm transform.
derive all the profiles as described above. The final profile and uncertainties due to stellar population parameters, are taken as the median of the 200 Z, Z 16% and Z 84% profiles. While, the kinematic profiles and uncertainties are taken from the average and standard deviations of the 200 Vrotand σ profiles.
Our method traces the profiles based on the rotation plane, which may produce differences compared to gradients extracted along the luminosity major axis, if the two planes are not overlapping each other. However, as we are not considering interacting galaxies, and (Barrera-Ballesteros et al. 2015) has shown that around 90% of non-interacting CAL-IFA galaxies show differences between their photometric and kinematic position angles of less than 22 degrees, here all galaxies show well defined angular momentum vectors which will be quite similar to the photometric position angles. This is backed up by our Schwarzschild dynamical models (Section 2).
The profiles are derived through the geometry shape of the galaxies' (ellipse systems), which are determined by galaxy's kinematic map (rotation). This means our method would not apply to galaxies with no clear rotation signature. The E-type galaxies contained in our sample still contain significant rotational components to permit this. Some galaxies may show different rotation planes at different radii, which could potentially increase the uncertainty. However again, the photometric and kinematic position angle alignment found throughout non-interacting galaxies in CALIFA, suggests the ellipse system will not be significantly different using our method compared to photometrically defined ellipse systems.
Fitting metallicity gradients
To fit the metallicity gradients (∇Z), for each of the 200 trials, we linearly fit the Z profile within certain radial ranges (1Re) in units of Re with the weighted linear least squares routine MPFIT in IDL (Markwardt 2009 ). The weights used in fitting the linear gradient, came from the Z 16% and Z 84% uncertainty profiles in each trial. The final value of the gradient (∇Z), and uncertainty comes from the median and standard deviation of the 200 fits. Thus, the final uncertainty not only takes into account the uncertainties of the metallicity maps but also the uncertainty of the geometrical parameters of the galaxy.
We fit the metallicity gradients from both linear Z profiles and log(Z) profiles. In this work, we focus on the gradients computed from the linear Z profiles (∇Z). These show the difference in metal fraction from the inside to outside of the galaxy -as opposed to gradients of log(Z), which represent the ratio of metal fractions. While neither is objectively superior, the former may show a more intuitive visual accounting of the absolute change in metal fraction across galaxy disks when comparing galaxies of a range of masses and absolute metallicities. For example, the value of a log(Z) gradient for a high metallicity, massive galaxy, may be numerically smaller than that of a low metallicity, low mass galaxy -even if the radial difference in Z (linear gradient) is the same. However the primary reason we use the linear Z gradients in this work, is to test the correlations between local metal fraction and local density and kinematics -which is not as easily accomplished with ratios. To conceptualize the differences and aid comparison to previous works, we show comparison of the profiles in log(Z) and linear(Z) in Figure 2 , with the middle panel showing the numerical equivalence between gradients measured on each profile. In addition, given the range of physical galaxy sizes in our sample, we compute the gradients with respect to their relative effective radius, Re.
We note that, all our galaxies have profiles extending to 1Re and some of them even beyond 1.5Re. In this paper, unless stated otherwise, we fit the gradient within 1Re. In certain figures, we also linearly fit the profile between 0.5 to 1.5Re and label these cases explicitly.
RESULTS
The left panel of Figure 2 shows the average log(Z) profiles for galaxies of different morphological types in our sample. In general, early type galaxies (red) are more metal-rich than late type galaxies (blue), due to the mass-metallicity relation and mass-morphology relations (e.g., González Delgado et al. 2014) . It is clear that late type galaxies tend to have a larger diversity in profiles than earlier type galaxies -in agreement with results from gas-phase metallicity gradient studies (Tissera et al. 2016) . The right panel of Figure 2 shows the average profiles for different morphological types in linear Z. Compared to the log(Z) profiles, the early type galaxies tend to have steeper Z profiles, and the linear profiles don't show strong decrease in diversity for early type galaxies.
We plot the gradients in both logarithmic and linear metallicity against galaxy stellar mass in Figure 3 . Though we are mostly focusing on galaxies' linear metallicity gradient in this work, we still calculate the log(Z) gradients (top panel) to show the comparison with other works. The log(Z) gradients show a relatively weak correlation with mass, and an intrinsic scatter which decreases for massive/earlier type galaxies. This is in agreement with previous works on log(Z) gradients in morphologically diverse surveys (González Delgado et al. 2015; Zheng et al. 2017) . Also the correlation between stellar mass and metallicity gradients for late-type galaxies agrees with studies in MANGA galaxies (Goddard et al. 2017) .
The bottom panel of Figure 3 plots the corresponding linear metallicity Z gradient against stellar mass, which shows a steeper anti-correlation with galaxy mass, and nearly constant intrinsic scatter in gradient value. The difference between the two plots is purely due to the logarithimic effect.
The top panel of Figure 4 shows the Z gradients measured within 1 Re, as a function of morphological type. We find a clear correlation between metallicity gradients and galaxy morphological type: the Z gradient becomes steeper as we move towards early type galaxies. By comparing to Figure 3 , we see that galaxies with different Z gradients are more segregated by morphology than stellar mass.
As in the very central part of galaxies there may exist different structures (Bar, bulge ...) for different morphological types, which may consist of quite different stellar populations (especially in terms of age), this may influence the correlation between Z gradients and morphological types. To rule out this possibility, we also calculate the Z gradients from 0.5 to 1.5 Re (the bottom panel of Figure 4 ) to test the dependence of this trend on the central substructures. When the central regions are removed, the gradients on average become flatter, though the trend between Z and morphological type still remains equally strong. This suggests the correlation between the Z gradients and morphological type is more likely a general trend with mass concentration than a result of substructures of different formation epochs.
DISCUSSION

Understanding the morphology and Z gradient correlations
The sample of CALIFA galaxies analyzed here shows a strong correlation between linear metallicity gradient (∇Z) and galaxy morphological type. The most obvious differences between different morphological types should be their average stellar metallicities (due to the morphology-mass and mass-metallicity relations, see also Figure 2 ), their mass/light concentrations (e.g., Holwerda et al. 2014) and their dynamical properties (Zhu et al. 2017) . The right panel of Figure 2 shows a clear separation between different galaxy types; as earlier type galaxies (red) are more metal-rich than late type galaxies (blue) and have stronger gradients. This suggests a correlation between a galaxy's average metallicity <Z/Z >, and linear metallicity gradient ∇Z. To further explore this trend, we can ask what regions of the galaxy are changing to produce the morphological type -∇Z correlation. For each galaxy, we calculate their average Z within two different regions: an Re region, between 0.8-1.0 Re (relatively outer); and an inner region, within 0.2 Re. The left panel of Figure 5 shows the Z gradient against these two average metallicities.
Comparing the two regions, we see that the average metallicity of the inner region (left) shows very similar correlations with ∇Z as those seen in Figure 4 . This suggests the central Z is tightly linked to the strength of Z gradients and a galaxy's morphological type. Conversely, the Z gradient shows no correlation with the metallicity of a galaxy's region around the effective radius. This result is consistent with the average Z profiles for galaxies of a given morphological type shown in the right panel of Figure 2 -the inner regions are enriched more efficiently with respect to the outskirts in early type galaxies.
The interplay between the mass dependence of a galaxy's morphological type, central concentration, and average metallicity allows for an intuitive description of metallicity gradients when viewed in linear Z space. Previous studies have demonstrated the existence of a local mass, gas metallicity, star formation relation (e.g., Rosales-Ortega et al. 2012) , hinting that local metal enrichment is the result of integrated star formation/stellar mass accumulation.
In order to explore a correlation between the local mass density and Z, we divide our sample of galaxies into 3 subgroups according to the average metallicity of their inner regions: (Low: Z ∼ 0-0.9, Moderate: Z ∼ 0.9-1.8, High: Z ∼ 1.8-4). For each group, we compare the galaxies' local metallicities in the inner, and Re regions, with the corresponding dynamically derived stellar surface mass density from Schwarzschild modeling. For each subgroup we plot all the spaxels which lie within inner (0.0 − 0.2Re; solid lines) and outer Re (0.8 − 1Re; dotted lines) regions of all galaxies, in this stellar surface mass density-metallicity parameter space. The right panel of Figure 5 shows density contours (greater than 0.3 times the maximum density) for spaxels in the outer regions (dotted contours) and inner regions (solid contours) of galaxies with different central metallicities.
These distributions follow a clear local mass-metallicity relation, with Re regions being more metal-poor and having lower surface mass density than the inner regions. Importantly, the Z and surface density difference between a galaxy's inner region and Re regions, increases as the average inner Z (and therefore galaxy mass) increases.
In this exercise we have used the dynamically derived stellar surface mass density Σ dyn, * , which is computed independent of the stellar populations profiles. Similar results for the correlations between local metallicity and stellar surface mass density are found by replacing Σ dyn, * with the stellar surface mass density derived via stellar population synthesis modelling from the available spectro-photometry (Zibetti et al., in prep.) .
The right panel of Figure 5 implies that as a galaxy's local regions also follow the mass−metallicity relation, we would expect a steeper Z gradient when there is a steeper surface mass density gradient. Here we define a dynamically derived stellar surface mass density gradient Σ dyn, * as:
The right panel of Figure 6 explicitly quantifies the link between ∇Σ dyn, * and stellar Z gradients, and shows that the Z gradients become steeper as the mass gradients increase in magnitude, though with considerable scatter. In general, early type galaxies with steeper Z gradients also have proportionally higher central Z and steeper mass density gradients, reaffirming the relations, between Z gradient, mass concentration and morphological type.
Empirical model
This simple picture, that stellar metallicity gradients are most clearly observationally connected to, and result from, the time-integrated differences in stellar mass buildup between the inner and outer parts of a galaxy, can be crudely tested using independent empirical scaling relations for galaxy populations. We begin by considering observed relations between galaxy stellar mass and light profile (Sersic index n, Graham, Jerjen & Guzmán 2003) , stellar metallicity (Kirby et al. 2013) , and effective radius (Graham et al. 2006) , as shown in the left panel of Figure 6 . In the following exercise we stochastically draw properties which a galaxy of mass M * would have, from these scaling relations. The mass dependent relations are given a scatter representative of the observations: σ logRe = 0.37 dex, σ logn = 0.05 dex (van der Wel et al. 2014) , and the 1 − σ spread on [Fe/H] as a function of mass directly from (Gallazzi et al. 2005 ) and (Kirby et al. 2013) .
For a galaxy of a given mass, we use the effective radius and Sersic index to compute a representative Einasto profile of the 3D stellar mass distribution (ρ(r)) for that galaxy. In order to link the global metallicity relations with the local structural relations, at any point r on the radial mass density profile, ρ(r), we compute the mass an idealized spherical galaxy would have if it was this average density and size, i.e. . Left: empirical galaxy scaling relations of size, Sersic index and stellar metallicity, versus galaxy stellar mass. Middle: Scaling relations are combined to give representative mass density and metallicity profiles for galaxies of different total stellar masses (color-coded by locally predicted galaxy metallicity). Right: Predicted metallicity gradients from the empirical model (contours) naturally accounts for the trend and scatter between stellar mass density gradient and metallicity gradient seen in our data (points color-coded by galaxy morphological type, as in Figure 2 ). M * (r) ∝ ρ(r)r 3 . That idealized galaxy mass, and thus the corresponding region at r in the composite model galaxy, is then given a homogeneous metallicity following the observed galaxy global mass-metallicity relation (e.g., Gallazzi et al. 2005 ). The composite galaxy profile is constructed by repeating this exercise at all radii -and the resulting profile can have a metallicity and density gradient computed as per our observations.
The construction of a mock galaxy whose local properties are set by global scaling relations, is physically justified by observations which suggest that the outer regions of disk galaxies are forming stars and enriching chemically in a com-parable way to lower mass dwarf galaxies. Hence the local sub-galaxy which is constructed to have radius r, will only represent a local shell of that corresponding metallicity at r + dr in the final composite galaxy.
This simple exercise combines galaxy scaling relations to allow for a coarse estimate of local metallicity, but should not be over-interpreted, as it is essentially relying on dimensional analysis to produce a stochastic prediction for where populations of galaxies may lie in the ∇Σ dyn, * − ∇Z plane.
The middle panel of Figure 6 shows these representative mass density profiles for galaxies of different masses, and colour coded by local metallicity. The metallicity changes in these profiles are in qualitative agreement with the profiles in Figure 2 . The predicted quantitative correlation between mass density gradient and metallicity gradient using only these empirical relations is shown in the right panel of Figure 6 as the contours. The scatter in the M * − n, M * − Re and mass-metallcity relations accounts for nearly all the observed intrinsic scatter in the ∇Z -∇Σ * relation. We suggest that the larger scatter in the ∇Z gradient versus total mass (Figure 3) , is a consequence of the fact that the establishment of a metallicity gradient is a local phenomena in galaxies. Our empirical model also produces some galaxies with positive slopes, which are observed in high percentage for our late type galaxies. We will discuss the possible origin of these objects in Section 5.5.
It is rather surprising that such a simple dimensional analysis exercise based on galaxy structural and global chemical relations does a reasonable job in reproducing the average trend and scatter in ∇Z -∇Σ * . It is unclear whether this is due to some fundamental simplicity which links local and global galaxy relations, for example a self-similar statistical form for how galaxies chemically enrich (e.g., Oey 2000; Leaman 2012; Hartwick 2015) . However, it should be kept in mind that the empirical model may be reproducing the broad trends of this parameters space out of coincidence, and the ingredients are not necessarily causal in determining a galaxies structural and chemical gradients. This must surely be true in some sense for galaxies on an individual scale, given the significant number of mechanisms which are not incorporated into the model (e.g., AGN/star formation driven winds, radial migration, mergers). Nevertheless, this simple model can provide a starting point for continued and more detailed investigation of such chemodynamical relations.
Chemodynamic spatial signatures
Due to the wealth of kinematic information in CALIFA, and dynamical models for our galaxies (Zhu et al. 2017) , we are able to investigate if any dynamical properties appear to be stronger causal factors in setting the stellar population gradients. This is motivated by some previous works on low mass galaxies, for example Schroyen et al. (2013) used simulations to investigate the metallicity gradients of dwarf galaxies. Their results suggested that metallicity gradients can be built up efficiently during the evolution of nonrotating dispersion-dominated dwarf galaxies, as low angular momentum allows more gas to concentrate in a galaxys central regions, leading to proportionally more star formation.
While this scenario is in agreement with some local group dwarf galaxies' observations (e.g., Leaman et al. 2013; Ho et al. 2015; Kacharov et al. 2017) ), the gradient differences also span differences in mass SFH and environment as well as angular momentum, making a direct causal link between dynamics and the metallicity gradients unclear. More relevant for this study is the unknown dependence of this mechanism on host galaxy mass. Given the orbital decomposition that our Schwarzschild models provide, we can directly look for correlated behaviour of chemical and kinematic properties of our sample of higher mass galaxies. Figure 7 shows a radial profile for each galaxy's Vrot/σ and ∆Z values, with Vrot/σ increasing from inside to outside. Different galaxy types show some separation in the figure, as early type galaxies tend to have steeper gradients and low angular momentum, while later type galaxies show an increase in diversity of their tracks, but on average a flatter set of metallicity profiles extending to higher Vrot/σ. Unlike previous studies for dwarf galaxies, the higher mass galaxies likely have a greater number of factors influencing their evolution than the dwarf galaxies (bars, spiral arms, higher merger rates), and indeed a diverse set of tracks is evident.
To quantify correlations between angular momentum and metallicity gradients in our sample, we use the average Vrot/σ (between 0.5 -1Re) and the disky cold orbit mass fraction as two indicators of a galaxy's angular momentum. The top panels of Figure 8 shows the metallicity gradients Figure 8 . Top: Metallicity gradient against galaxies' angular momentum (average Vrot/σ between 0.5-1Re) (left) and cold orbit mass fractions (right) of our 244 GALIFA galaxies. Bottom: Central mass concentration (stellar surface mass density gradient) against galaxies' angular momentum (left) and cold orbit mass fractions (right), triangles are the mean points of galaxies with each morphological types. Colour coded by galaxy morphological type, as in Figure 2 . against these angular momentum proxies. It is evident that both early and very late type galaxies tend to have low angular momentum, but show different metallicity gradients. From type Sd to type Sb galaxies, as the metallicity gradient becomes steeper, the angular momentum increases, until a turning point at Sb. From type Sb to type E, the metallicity gradient steepens, while the angular momentum starts to decrease. Similar trends are seen in the bottom panels of Figure 8 when replacing metallicity gradients with stellar surface mass density gradients.
To better understand the role of mass concentration and angular momentum in setting metallicity gradients, we divide our galaxies into 5 groups according to their stellar mass log M * from 9 to 11.5 with 0.5 dex wide bins. We then get mean locations of each mass bin in ∇Z and Vrot/σ or cold orbit fraction planes (shown as triangles in middle and right panels of Figure 9) . With the empirical model we can compute the average ∇Σ * and ∇Z of model galaxies in the corresponding mass bins, and we show these as squares in the left panel of Figure 9 . In general the average mass bins for the model galaxies follow the average observed relationhowever for the highest mass bins, the model galaxies show steeper Z gradients (at fixed density gradient) than what are observed in our CALIFA sample. This could speak to additional factors not included in our simple model (such as AGN driven outflows, or satellite galaxy mergers) altering the density and metallicity profiles of these galaxies. An interesting test with larger surveys would be to look at an environmental dependence of the ∇Σ * − ∇Z high mass regime to see if any systematic movement is apparent The projections of the average model galaxies into the angular momenta parameter space is shown in the middle and right panels of Figure 9 . As we don't explicitly compute an angular momentum observable for the model galaxies, we have associated the mass bins to the same angular momentum as is observed for galaxies of that mass. Compared to the observed mean chemo-dynamical values (triangles), the predicted points clearly show a similar mass dependencesuggesting that angular momentum is not a unique predictor of metallicity gradient, and that the primary factor in predicting the gradients should be the mass density profile. This is different from previous studies of low mass range (M * < 10 10.5 M ) galaxies, where it was found that higher angular momentum galaxies tended to have steeper gradients. This suggests the role of angular momentum in preventing central gas build-up and the role of outer perturbations may not be a causal formation process for metallicity gradient in higher mass galaxies. The turning point around Sb galaxies in this parameter space is perhaps due to the correlation between angular momentum and mass -as beyond this mass, mergers likely alter the stellar angular momentum in galaxies. However, we must be careful as the current dynamical state is not necessarily representative of all epochs in the galaxies' evolution.
From our Schwarzschild models we are in the unique position to study any correlations between metallicity gradient and the surface mass density gradients of different dynamical components -which may give some insight into which epoch or assembly method imparted the present day metallicity profiles. We proceed by computing the stellar surface mass density profiles from just the cold, warm or hot orbital components. Differing behaviors might hint at a time dependence of gradient formation -as hot orbital populations may be composed of the earliest generations of stars, while cold orbital populations represent newly formed young stars. Figure 10 shows the stellar surface mass density gradients of cold ∇Σ dyn, * ,(cold) , warm ∇Σ dyn, * ,(warm) and hot ∇Σ dyn, * ,(hot) orbit components against the metallicity gradients within Re.
In Figure 10 , we see a progression where the ∇Z -∇Σ * correlation from Figure 6 , becomes more evident as we look at hotter orbit densities. It appears that regardless of the final angular momentum of the galaxy, the density profile becomes established in conjunction with the formation or heating of the stars that make-up the hot orbits.
This could suggest that the density gradients of the coldest component may have large stochastic spatial variations due to young stars forming inhomogeneously out of a self-enriching ISM. Then over time a superposition of these radial distributions may statistically drive to a more regular ∇Z -∇Σ * correlation. However this again suggests that while there is a clear interconnection between: 1) the stellar mass build-up and dynamical state of a galaxy, and 2) the stellar mass build-up and the metallicity gradient, that it is not yet clear that present day dynamical structure has a causal link with the strength of metallicity gradients -at least within one Re and for galaxies in this mass regime. This link may be observationally difficult to untangle as the hot and warm orbits can simultaneously trace two different processes (e.g., stars born from a dynamically cooling ISM, and stars which were dynamically heated after their birth (Leaman et al. 2017 ). Figure 8 . Left: shows the correlation between ∇Σ dyn, * and ∇Z, Middle and right panels: the matallicity gradient against Vrot/σ and cold orbit fraction, but with color coded by galaxies' stellar mass. Triangles are the mean points of galaxies within each mass bins, blocks are the predictions using the empirical model. Figure 10 . Metallicity gradient within 1Re against stellar surface mass density gradients of different stellar orbit components: cold orbits ∇Σ dyn, * ,(cold) (left), warm orbits ∇Σ dyn, * ,(warm) (middle) and hot orbits ∇Σ dyn, * ,(hot) (right), . Symbol size represents the mass fraction of the respective components. Grey contours are the total ∇Z -∇Σ * relation from our model. Colour coded by galaxy morphological type, as in Figure 2 .
Radial migration
Several theoretical works have demonstrated that radial migration of stars within a galaxy's disk could be a possible channel to flatten the radial stellar population gradient (e.g., Roškar et al. 2008; Loebman et al. 2016 ; El-Badry et al.
2016
). Clear observational signatures of radial migration remain hard to achieve however. Recently, Ruiz-Lara et al.
(2017) studied profiles that extend to the very outer disk regions of a subset of the CALIFA sample presented here, and found that galaxies which have up-bending surface brightness profiles (e.g., disk surface density profiles which increase beyond some radius in the outer regions), show flatter stellar metallicity gradients in these regions -with very small statistical differences. While they focus on the outer regions of disks, given that spiral arms and bars should be found in high mass, cold disk galaxies, we can ask if our sample shows any second-order trends in the metallicity gradients that could be ascribed to radial migration.
To quantify this, in the top left panel of Figure 11 we show our stellar metallicity gradients against bar strength classifications of galaxies in our sample. There is a correlation between bar type and metallicity gradient in that galaxies with a clear bar feature show flatter Z gradients on average, but the correlation is quite weak compared to the scatter (see also Ruiz-Lara et al., 2017) . The top middle and right panels explore the relationship between the metallicity gradient and the type of spiral pattern, and the number of spiral arms for the spiral galaxies in our sample. A signature might be expected here as grand design or two-armed spirals should have proportionally more mass in the arms, leading to a stronger scattering of stars in the disc. Just like the bar-stellar metallicity gradient relation in the left panel, we also see weak correlations between the spiral pattern and the diversity of metallicity gradients (grand design galaxies are averagely flatter in Z gradients).
As the radial migrations may have different impacts on the inner and outer regions of the disk, in the bottom three panels we also show the stellar metallicity gradient between 0.5-1.5Re against bar strength, spiral pattern and spiral arm number. Excluding the very central region the trend does not change, but the correlations appear even weaker.
We note that we also do see a weak correlation between metallicity gradient and any of the higher order terms in our kinematic harmonic decomposition (which would have indicated radial non-circular motions).
Our sample shows that the most apparent observational metrics of radial migration (bars, thin disk orbits, spiral arms) do not strongly correlate with the stellar population gradients within 1Re. This indicates that radial migration might be a secondary effect in the inner regions, but the best predictor of a galaxy gradient is still the present day mass density profile.
Positive metallicity gradients
Our sample shows a number of galaxies with positive metallicity gradients, with 12% of all of our galaxies having metallicity gradients with ∇Z >0.1. We find that late type galaxies are more likely to show positive metallicity gradients, as from type E to Sd the fraction of positive gradients rises from: 0%, 0%, 11.1%, 13.8%, 19.3% and 75.0%. In the context of our empirical model, these galaxies result from the scatter in metallicity at fixed local mass being large enough to allow for the formation of positive metallicity slopes. We show in Figure 12 the predicted fraction of galaxies in the simple model as a function of galaxy density gradient. The simple model of Figure 6 predicts the fraction of positive gradients rises as galaxies exhibit flatter density profiles, in excellent agreement with our data.
The underlying physics for the scatter in metallicity, or the shallowness of some density profiles is likely more complex than the simple model however. Some previous studies have explored the possible scenarios which may be relevant for these positive gradients galaxies. For example, ElBadry et al. (2016) used simulations to explore the stellar feedback processes in low-mass galaxies and suggested that strong feedback could effectively cause a radial migration by strongly perturbing the gravitational potential. In addition, by blowing out the central metal-rich gas, the intense feedback may lead to relatively low central metallicities (with respect to their 1Re region) compared to other galaxies (see also Brooks et al. 2007a; Gibson et al. 2013; Schönrich & McMillan 2017) .
Stellar feedback is expected to be proportionally more impactful in low mass galaxies. This could mean that more metals are lost due to feedback-driven outflows in low mass galaxies, due to their shallower potential wells. Concurrently, the star formation efficiency might be reduced in these low mass galaxies due to the impact of feedback on the ISM (Brooks et al. 2007b) . Both effects will be enhanced if the intrisically lower angular momentum of lower mass, late type galaxies helps gas funnel to their central regions. Together, these feedback effects would work to suppress metal build-up in the central regions, shallow the density profiles, and cause larger scatter in local metal enrichment -with increasing efficiency towards lower mass galaxies. This mechanism would be in qualitative agreement with our finding of more positive gradients as galaxy mass decreases (or moves to later types; Appendix A).
CONCLUSIONS
In this paper, we study the radial stellar metallicity gradients of 244 CALIFA galaxies, spanning galaxy morphological type from E to Sd. We use a stellar kinematic based ellipse systems to extract flux-weighted stellar population profiles, and use a harmonic decomposition method to derive the kinematic profiles within 1Re. As our sample covers a broad range of mass/morphological type galaxies, in order to avoid the effect of logarithmic suppression, we study their linear metallicity (metal mass fraction; Z) profiles and gradients.
• We find linear metallicity gradients ∇Z show clear galaxy morphological type dependence, with early-type galaxies tending to have steeper linear metallicity gradients ∇Z. The direct reason behind the Z gradient-G type correlation is the high central metallicity in earlier type galaxies.
• To further understand the origin of this correlation, we split our galaxies into three different groups according to their central Z, and test the local mass-metallicity relation at different radii in different groups of galaxy. The result not only shows a clear local mass-metallicity relation but also suggests a correlation between surface mass density gradient and ∇Z .
• We show that with empirical mass-dependent sersic index, size and metallicity scaling relations, the dependence and observed scatter of Z gradients and local stellar mass density can be reproduced.
• We also examine the role of angular momentum by studying Vrot/σ and cold disc fraction. For higher mass galaxies (> 10 10.5 M ) their Vrot/σ and thin disc fraction are correlated with both Z and stellar surface mass density gradients, but for galaxies with stellar mass below 10 10.5 M their angular momentum is anti-correlated with the steepness of metallicity/surface mass density profiles. Analysis of the mass density in different orbital components further suggests angular momentum itself is not directly causal in setting the stellar metallicity gradient of the inner regions of galaxies.
• In order to explore the influence of radial migration, we use observable substructures (bar, spiral arm) as tracers of radial migrations. We find galaxies' radial migration features don't show strong correlations with stellar population gradients, which suggests the radial migration may only provide secondary influence on the shape of gradients, at least within 1Re.
• Finally, around 12% of our galaxies show positive metallicity gradients -however the fraction increases to as high as ∼ 80% as galaxy mass decreases. We suggest stellar feedback could be one of the most possible reasons behind this trend.
Though we found the local mass build-up is crucial to a galaxy's metallicity distribution, work still remains to incorporate detailed knowledge about the local star formation history in different regions of a galaxy.
In this work, our gradients are extracted from metallicity maps, in which the metallicity and mass of a single spaxel is the average metallicity and accumulated mass of all stellar populations it contains. Here we do not take age into our consideration. There may be interesting correlations between age and metallicity, given that the local mass buildup somewhat reflects the star formation history (e.g., light weighted age). This formation history may vary in different regions of a galaxy (e.g., bulge vs. disk), and further study will expand on the link between mass buildup and age. As our results show clear correlations between local mass and metallicity but with some scatter, the local SFH may contribute a possible source of this scatter.
Recently, Zibetti et al. (2017) studied the age distribution of CALIFA galaxies and found a bimodal local-age distribution, with an old and a young peak primarily due to regions in early-type galaxies and star-forming regions of spirals, respectively. In future works, we will test the ∇Z dependence on age using simulations to further explore how different mass build-up processes impart a signature on the present day stellar populations.
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APPENDIX A: DENSITY-METALLICITY PROFILES
Here we show in Figure A1 the total dynamical mass profiles plotted against the linear metallicity profiles. Progressing from earlier to later type galaxies we see a larger diversity in their density-metallicity tracks, with late type galaxies showing a larger fraction of positive metallicity profiles. This is consistent with the results in Figure 12 , as these late type galaxies tend to have shallower density profiles on average. However it is clear that there are some objects in Figure A1 , with positive gradients but which show significant negative density gradients -which may make these objects interesting test cases for further studies on the impact of feedback on the redistribution of gas and stars. This paper has been typeset from a T E X/ L A T E X file prepared by the author. 
